Supramolecular assemblies are introduced here as new-concept hard templates for the synthesis of hollow nanostructures (exemplified with TiO 2 hollow nanostructures in this work). Supramolecular templates with tunable morphology and rich surface functional groups facilitate the tight coating of other materials for the formation of hollow nanostructures. The weak interaction between the supramolecules or micromolecules benefits the facile removal of the templates for large-scale synthesis of hollow nanostructures and also affords excellent template reusability. This method allows for the incorporation of various metal dopants into the TiO 2 lattice, as a typical example of nanocatalyst, by introducing the corresponding metal salt as a dopant source. High-resolution transmission electron microscopy (HRTEM), X-ray diffraction (XRD) and UV-vis absorption spectroscopy investigations suggested substitution of Ti 4+ sites by Co
The synthesis of hollow micro-and nanoscale structures has attracted great interest owing to their high surface areas, low density, and unique optical and electronic features [1, 2] . All of these features make them suitable for a variety of applications including catalysis [3] , solar cells [4, 5] , lithium-ion batteries [6] , optical imaging [7] , and drug delivery [8] . Especially for their applications in catalysis and photocatalysis, hollow micro-and nanoscale structures can provide a large active surface area, reduced diffusion resistance, excellent mass transfer efficiency, and high dispersity in reaction media with excellent reusability. The void space can also act as a catalyst container for embedded fine metal nanoparticles to extend their life-time [9, 10] . Moreover, the thin shell of hollow micro-and nanoscale structures can facilitate charge transfer to surface active sites [11] , which implies that they have great potential as highly efficient photocatalysts for water splitting and artificial photosynthesis [12] .
Although great efforts have been made towards the development of template-free routes for the preparation of hollow structures [13] [14] [15] , template-directed synthetSchool of Chemistry and Chemical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China * Corresponding authors (email: xinhaoli@sjtu.edu.cn (Li XH); chemcj@sjtu.edu.cn (Chen JS)) ic methods have been established as one of the most effective and controllable methods for synthesizing hollow structures [16] . The most commonly used templates can broadly be divided into two categories: hard templates and soft templates. Monodisperse silica, polymers, carbon nanospheres, and nanoparticles of metals and metal oxides have been used as hard templates for preparation of hollow structures [17] [18] [19] [20] . The synthesis of designed materials with hollow structures requires the templates to have additional surface functionalization. Because of droplet coalescence and Ostwald ripening, it is challenging to obtain uniform and small structures using soft templates (such as emulsion droplets, latexes, and gas bubbles) [21] [22] [23] . The hard and soft templates used previously could be considered sacrificial templates. Tedious post-treatment processes (e.g., calcination at high temperature, chemical etching) are usually used to remove such templates [19, 24] . All these processes significantly increase the final cost of the hollow nanostructures in large-scale applications. Consequently, recyclable templates with controlled morphology and surface functional groups are thus highly desirable to fabricate hollow nanostructures in large quantities, and also to further lower their cost for practical applications that so far have been well defined only at the lab scale [25, 26] .
As an alternative, nano-assemblies of supramolecules or macromolecules offer a number of advantages, and show great potential as nanotemplates. Surfaces with rich surficial functional groups facilitate their tight binding with other materials to form nanostructures [27] . Controlled noncovalent assembly of certain small molecules in the presence of specific inorganic components enables the formation of ordered nanostructures with well-defined size and shape. Weak interactions among the supramolecules or micromolecules allow the facile removal of the templates to allow the large-scale synthesis of hollow nanostructures and afford excellent reusability of the templates. As described in the literature, such supramolecules or macromolecules are usually applied as soft templates for the for-mation of porous nanostructures or thin films [28] .
Herein, we describe the application of the "hard" aspect of supramolecular nanoassemblies for the synthesis of hollow nanostructures (exemplified with TiO 2 here). Both the size and thickness of the hollow nanostructures on the surface of the supramolecular nanotemplates were tuned. This method also allowed for facile incorporation of various metal dopants to significantly elevate the activity of the catalytic sites in the doped material.
A cyanuric acid-melamine complex was chosen as the possible supramolecular nanotemplate owing to the ease of control of its morphology and rigid structure [23, 29] . Recently, flower-like assemblies of melamine and cyanuric acid were synthesized by Jun et al. [30] and Shalom et al. [31] for further thermal condensation into porous carbon nitride nanostructures, where the rigid structures of the nanoflowers affected the morphology of the carbon nitride nanostructures and thus their photocatalytic activities. This observation suggested the mechanical stability of these cyanuric acid-melamine assemblies even at elevated temperature. Moreover, the -NH 2 groups of melamine and the -OH groups of cyanuric acid also make it possible to change the surficial functional groups of the as-formed cyanuric acid-melamine assemblies for specific purposes by varying the ratio of cyanuric acid to melamine (Fig. 1) . Also, cyanuric acid-melamine assemblies can be dissolved into an excess amount of water or hot water (around 80°C). This implies that the sustainable removal and reuse of the cyanuric acid-melamine assemblies is possible. All of these features provide cyanuric acid-melamine assemblies with great potential as a recyclable hard template for the synthesis of hollow nanostructures.
Cyanuric acid-melamine nanoassemblies can be facilely tuned to control their morphology. Many different ordered textures of the cyanuric acid-melamine complex can thus be obtained, depending on the solvent in which it is mixed. Both the shape and size of the present cyanuric acid-melamine assemblies were controlled by using different solvents (Table S1 and Fig. S1 ) or tuning the concentrations and weight ratios of the melamine and cyanuric acid (Fig.  S2) . Taking the ellipsoid-like cyanuric acid-melamine nanorods (e-CM-NRs) as an example, both the length and the diameter (the maximum diameter at the central part) can be tuned within a quite broad range simply by altering the concentration of melamine and cyanuric acid (Figs S3a−d) . The synthetic method is rather facile. Uniform e-CM-NRs, as revealed by the scanning electron microscopy (SEM) observations (Fig. S3a) , were obtained in large quantities (Fig. S4) simply by mixing aqueous solutions of melamine and cyanuric acid, promising a great potential as abundant and recyclable templates for large-scale synthesis of hollow nanostructures.
For practical application of nanoassemblies as templates, a tailorable surface with rich functional groups is the key parameter for achieving better coating with additional shells. The present cyanuric acid-melamine nanoassemblies are such a nanotemplate. As shown in Fig. 2a , the zeta potentials of the cyanuric acid-melamine complexes were negative, which is beneficial for forming TiO 2 on the surface of the templates. The surface charges of the complexes decreased with increasing mass ratio of melamine and cyanuric acid. The cyanuric acid-melamine complexes ( Fig. 2b) with a mass ratio of 4:5 were selected as new-concept hard templates for replicating TiO 2 hollow nanostructures owing to their highly charged surface. The coating Figure 1 Schematic mechanism illustrating the use of supramolecular assemblies (purple) of cyanuric acid (red) and melamine (blue) as recyclable hard templates for hollow structures (white) via a three-step strategy:
(1) formation of the cyanuric acid-melamine nanotemplate via supramolecular assembly, (2) coating of TiO 2 on the template, and (3) removal and recycling of the template via dialysis in an excess amount of water. of TiO 2 on these cyanuric acid-melamine nanotemplates was perfect (Fig. 2c) , without the need for additional surface functionalization. Both the shape and the size of the as-obtained TiO 2 nanostructures were controlled simply by choosing different nanotemplates (Fig. S5) . Taking e-CMNRs as the example, the morphology of the e-CM-NRs was not obviously changed after coating with a TiO 2 layer (Figs S3e−h and S6). Uniform TiO 2 hollow nanostructures were obtained after the removal of e-CM-NRs (Figs S3i−l) . Note that the silica and carbon nanospheres without surface modification (Fig. S7) only led to the formation of iregular aggregates (Fig. 2d) or cracked shells (Fig. 2e) , confirming the importance of surface modification for better coating with shell materials. TiO 2 nanostructures have been widely investigated as photocatalysts or electrocatalysts for the (photo-) electrolysis of water [32, 33] . However, such water splitting reactions are tremendously hindered by the sluggish oxygen evolution reaction (OER) in which water is oxidized to O 2 via a 4-electron path [34] . Moreover, the high overpotential and low efficiency of current catalysts and photocatalysts for OER remains a bottleneck in their practical application [35] . Many efforts have thus been devoted to increasing the charge transfer efficiency and lowering the overpotential of various catalysts, including TiO 2 based nanocatalysts, to elevate their final OER activity [36] . Among the strategies described in the literature, fine control of the diameter or shell thickness of the TiO 2 nanostructures is a direct method of increasing the rate of charge transfer for higher OER activity. The optimal size of a semiconducting nanostructure is related to the mean length of the free migration path for charge carriers, which is generally expected to be in the range of 10−30 nm [37, 38] .
Again, the present cyanuric acid-melamine nanoassemblies with amino-group-rich surfaces showed obvious advantages over conventional templates for casting hollow nanostructures with ultra-thin and tunable shells. We therefore initially tuned the thickness of the TiO 2 hollow nanostructures to optimize their OER activities. The typical TEM images of the TiO 2 hollow nanostructures in Figs 3a−c indicated their tunable thickness and uniform morphology (Fig. S8) . The thicknesses of the samples were varied from 13 to 23 and 34 nm simply by changing the amount of tetrabutyl titanate during the coating process (Table S2 ). The gradual broadening of the optical band gap of these samples was also revealed by the obvious blue-shift of the absorption edge in the UV-vis spectra of the TiO 2 hollow nanostructures with decreased thickness (Fig. S9) . To appraise the effect of the hollow nanostructure on the OER activity of the TiO 2 hollow nanostructures, their OER activity and that of a control sample (P25) were tested using glassy carbon electrodes in 1 M KOH electrolyte. Fig. 3d shows the linear sweep voltammetry (LSV) curves of all of the tested samples, and reveals the much lower overpotentials of all of the TiO 2 hollow nanostructure samples compared with that of P25. The TiO 2 hollow nanostructures with a thickness of 23 nm (sample TiO 2 -23 nm in Fig. 3d ) exhibited the lowest overpotential among the obtained TiO 2 hollow nanostructure samples. Thicker TiO 2 nano-capsules have higher valence band position and thus lower potential for water oxidation. Additionally, charge transfer may have been blocked by the thick walls of the hollow structures owing to the low conductivity of TiO 2 . As a result, the sample TiO 2 -23 nm, which had an effective balance between these two counteracting effects, was selected as the best nanocatalyst for all following experiments.
Owing to the facile synthesis of the present supramolecular nanotemplates for large-scale synthesis of TiO 2 hollow nanostructures in water, it was also possible to introduce transition metal dopants into the crystal lattice of TiO 2 to enhance their practical application in OER (Figs S10 and S11b). The involvement of transition metal dopants may create additional sub-band gaps in the electronic structure of TiO 2 and thereby further enhance its photocatalytic activity and lower its potential for OER [39] . The successful introduction of transition metal dopants can be directly observed from the color change of the TiO 2 from white to a variety of colors, depending on the metal dopants introduced. UV-vis spectra (Fig. S11a) ultraviolet to visible light, beneficial for their possible applications in both photocatalytic reactions and OER (Fig.  S11b) . Indeed, the introduction of transition metal dopants obviously decreased the overpotentials for OER in the sequence Co-TiO 2 << Ni-TiO 2 < Mn-TiO 2 < V-TiO 2 < MoTiO 2 < TiO 2 .
Because the crystallinity of TiO 2 nanocatalysts can also dominate their intrinsic electronic structure and thus their overpotential for OER, the as-formed amorphous samples were heated at 400°C in air. After calcination, both pristine and doped pure anatase samples (Fig. S12) were obtained with well-preserved uniform hollow structures (Figs 4a−b and S13). This indicated that the dopants did not disturb the crystal structure of the TiO 2 hollow nanostructures, but only created more defects, as revealed by the HRTEM images of the pristine and doped samples (Figs 4a−b and S14) and also their sub-band gap (Fig. S15) . Although a high concentration of metal dopant (5 at%) was introduced, no obvious signals of other metal oxides were detected in the XRD patterns of these samples (Fig. S12a) . For Co-and V-doped samples, an obvious shift of the (101) peaks of anatase phase to high angles was observed (Fig. S12b) . These results suggested the homogeneous distribution of these metal dopants, which was further confirmed by the elemental mapping results (Fig. 4c, exemplified with Co here). The overpotential of the Co-TiO 2 sample was obviously improved after calcination, indicating the positive effect of increased crystallinity of the TiO 2 nanocatalysts on their OER activity (Fig. S16) . Moreover, the surface area and pore size of Co-TiO 2 -400 were similar to those of the pristine TiO 2 -400 sample (Fig. S17) , which excludes any effect of the mesostructure on the OER activity. Comparing the overpotentials at a specific current density of 0.5 mA cm −2 , the overpotential of Co-TiO 2 -400 was estimated to be 0.425 V vs. NHE, much lower than that of pristine TiO 2 -400 (Fig. 4d) . This result is much lower than that reported for benchmark TiO 2 -based nanocatalysts in the literature (0.488 V vs. NHE) [40] . The fact that metal-doped TiO 2 hollow nanostructures were successfully prepared suggests the good compatibility of the supramolecular templates with various metal salts.
In conclusion, supramolecular templates with tunable morphology and rich surface functional groups facilitated the tight coating of other materials and allowed easy control of both the shape and size of the resulting hollow nanostructures (exemplified with TiO 2 here). The flexibility of the present supramolecular template-based synthetic method allowed us to further tune the electronic structure of the final nanostructure for better OER by engineering its mesostructure and heteroatom doping. More importantly, the simple synthetic method and low cost of the precursors make the present recyclable supramolecular templates suitable for mass production of various hollow nanomaterials in the future. Our work opens up new possibilities for the use of supramolecular assemblies as sustainable hard templates to fabricate novel hollow nanostructures which can function as efficient nanocatalysts, photocatalysts, electrode materials, and drug-carriers for practical use. 
